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Abstract
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The mechanism of growth of fibrils of the β-amyloid peptide (Aβ) was studied by means of a
physics-based coarse-grained united-residue (UNRES) model and molecular dynamics (MD)
simulations. To identify the mechanism of monomer addition to an Aβ1–40 fibril, an unstructured
monomer was placed at a 20 Å distance from a fibril template, and allowed to interact freely with
it. The monomer was not biased towards the fibril conformation, by either the force field or the
MD algorithm. By using a coarse-grained model with replica exchange MD, a longer time scale
was accessible making it possible to observe how the monomers probe different binding modes
during their search towards the fibril conformation. Although different assembly pathways were
seen, they all follow a dock-lock mechanism, with two distinct locking stages, which is consistent
with data from experiments on fibril elongation. Whereas these experiments have not been able to
characterize the conformations populating the different stages, we have been able to describe these
different stages explicitly by following free monomers as they dock onto a fibril template and
adopt the fibril conformation; i.e., we describe fibril elongation step by step, at the molecular
level. During the first stage of the assembly, “docking”, the monomer tries different
conformations. After docking, the monomer is locked into the fibril through two different locking
stages. In the first stage the monomer forms hydrogen bonds with the fibril template along one of
the strands in a two-stranded β hairpin; in the second stage, hydrogen bonds are formed along the
second strand, locking the monomer into the fibril structure. The data reveal a free-energy barrier
separating the two locking stages. The importance of hydrophobic interactions and hydrogen
bonds in the stability of the Aβ fibril structure was examined by carrying out additional canonical
MD simulations of oligomers with different numbers of chains (4 to 16 chains) with the fibril
structure as the initial conformation. The data confirm that the structures are stabilized largely by
hydrophobic interactions and show that the intermolecular hydrogen bonds are highly stable and
contribute to the stability of the oligomers as well.
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1. Introduction
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Many diseases have been associated with deposits of amyloid plaques, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), type II diabetes, and spongiform
encephalopathies. In the particular case of (AD), these plaques contain filamentous forms of
a protein known as the β-amyloid peptide (Aβ)1,2. Oligomeric forms of this protein, both
fibrilar3 as well as soluble nonfibrilar Aβ aggregates4, have been identified as the cause of
AD. However, the mechanism(s) by which they may initiate the disease is still unclear5.
Great progress has been achieved in elucidating the 3D structure of amyloid fibrils6–12, and
we now know that amyloid fibrils from different species share a characteristic motif, the
cross-β structure, in which the polypeptide chains form extended β strands that align
perpendicular to the axis of the fibril. Fibrils formed by the Alzheimer’s Aβ1–40 peptide
have been studied extensively by Tycko and co-workers9,10,12. Based on constraints from
solid state NMR, structural models of Aβ1–40 fibrils have been proposed10,12.
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Despite progress in understanding the fibrilar state of Aβ, the mechanism by which small
oligomers evolve into their fibrilar form or how these fibrils grow is not yet well
understood13. In the laboratory, Aβ1–40 fibril formation takes as long as days14,15, and
elongation proceeds by incorporating new monomers at a constant rate of approximately
0.3μm/minute (with a few milli-seconds per monomer incorporated)14. These time scales
make simulations of fibril formation, or elongation, extremely challenging.
To overcome the time limitation, most all-atom studies have focused on small fragments of
Aβ16–18. Although these studies17,18 have contributed greatly to our understanding of the
transition that an unstructured monomer undergoes upon binding to a fibril, they might not
reflect the full complexity of the complete Aβ1–40 system. Implicit-solvent all-atom
simulations of elongation of Aβ1–40 have been carried out19 but, due to their high
computational cost, these simulations could not describe the assembly of a completely
unstructured and unbound monomer into a fibril template. Another approach has been the
use of coarse-grained models, biased towards the desired conformation20,21 or simplified
models in which the polypeptide chain is represented by a tube, and the interactions between
amino acids are derived from geometry and symmetry considerations22. These models have
the disadvantage that they might not reproduce the complexity of the true energy landscape.

NIH-PA Author Manuscript

In this work, we have adopted a coarse-grained united-residue (UNRES) model23,24 to
partially surmount the time-scale problem. The advantage of UNRES over other coarsegrained force fields is that UNRES has been derived on the basis of physical principles. The
energy terms are the result of averaging the less important degrees of freedom of the allatom free energy of a protein and the solvent23. The force field ultimately has been
parameterized to reproduce the free energy landscape of a small training protein, completely
different from Aβ25–29. Therefore, the force field is not biased towards the Aβ fibril
conformation. Moreover, UNRES has been shown to be able to carry out MD simulations of
the folding of multichain systems within reasonable time, starting from completely
unstructured conformations, and without using any information from the native structure of
these systems24. Therefore, UNRES has been adopted to simulate the assembly of a free
monomer onto a fibril template without imposing any type of restraint on the monomer. A
description of the force field23 as well as details of the MD implementations24,30,31, can be
found in sections S.6 and S.7 of the Supplement.
With the UNRES model, we carried out canonical molecular dynamics (MD) and replica
exchange MD (REMD) simulations to: a) describe the ensemble of conformations explored
by the isolated monomer of Aβ1–40; b) analyze the stability and energetics of small
oligomers of Aβ1–40 with the structure that is characteristic of Aβ1–40 fibrils, and determine
J Mol Biol. Author manuscript; available in PMC 2011 December 3.
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how their stability is related to the size of the oligomers; and c) study the elongation process
of Aβ1–40 fibrils.
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2. Results and Discussion
2.1. Characterizing the ensemble of isolated monomers
While oligomeric forms of Aβ adopt β-rich structures in the monomeric state, the peptide
seems to adopt helical conformations32. Unfortunately, because Aβ has a high tendency to
aggregate and eventually precipitate, it has not yet been possible to study the full-length
peptide in water solution. Experiments on fragments of Aβ in water at low pH showed that
the fragments have little regular structure33,34. To prevent aggregation, many experiments
are carried out in a mixture of water and organic solvents, such as trifluoroethanol
(TFE)35,36, micellar solutions37,38, or hexafluoroisopropanol (HFIP)32,39. Under these
conditions, the monomeric Aβ peptide shows substantial helical structure.
All-atom implicit solvent simulations40,41 showed that Aβ39 adopts random coil and helical
conformations41, while Aβ40 and Aβ42 exist predominantly in two types of conformations,
each one possessing significant amounts of either α or β-structure40. All-atom explicit
solvent simulations also support the hypothesis that Aβ can adopt helical conformations as a
monomer32.
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The ability of Aβ to adopt both helical and β-sheet conformations is also supported by the
fact that a helical intermediate has been observed during fibril assembly42,43. Furthermore,
up to a certain degree, by stabilizing helical conformations, fibril formation is accelerated43,
which suggests that the helical intermediate might facilitate the process42,43.
The foregoing results indicate that a model suitable for the study of Aβ amyloids should be
able to capture an α-helical propensity at the monomer level as well as the formation of
oligomeric structures with high β content. To test whether UNRES could capture the ability
of monomers to adopt α-helical and β-sheet conformations, we carried out a set of 40 ns
independent canonical MD simulations of an isolated monomer of Aβ1–40 at constant
temperature (see section 4.1 for computational details).
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2.1.1. Aβ1–40 populates three main clusters with α-helix or β-strand
conformations—The conformations visited by the monomer were clustered based on their
structures (see section 4.1). The three largest clusters were identified, accounting for 69% of
the conformations. These three clusters also contained the conformations with the lowest
energies, as calculated with the UNRES force field. The largest of these three, containing
56.5% of the conformations, corresponds to structures with high α-helical content (see
Figure 1). The second and third largest clusters, accounting for 7.5% and 4.7% of the
conformations, have β structures. Figure 1 shows the probability of occurrence of
conformations populating the three largest clusters as a function of the UNRES potential
energy of each cluster (see section 4.1). A representative conformation for each cluster is
also shown.
These results indicate that, at the monomer level, UNRES can reproduce the ability of
Aβ1–40 to adopt helical and β-strand conformations. Furthermore, the UNRES force field,
being a coarse-grained one, can facilitate a study of the behavior of large oligomers, a task
that is still challenging with an all-atom force field, making UNRES a very good choice to
study Aβ amyloids.

J Mol Biol. Author manuscript; available in PMC 2011 December 3.
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2.2. Stability of Aβ1–40 fibril conformation
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In order to study fibril propagation, we want to determine the smallest system that can
reproduce the interaction between a fibril and a free monomer. From solid state NMR
studies, we know the structure of Aβ1–40 9,10,12, but we don’t know if a small section of a
fibril will be stable by itself, or if it will produce the interactions of a full length fibril in the
presence of an incoming monomer. In this section, we determine the size of the system
needed to reproduce this interactions.
Solid state NMR studies9,10,12 of Aβ1–40 fibrils have shown that, in the fibrilar
conformation, the peptide adopts the cross-β structure [Figure 2(a)44]. Each chain adopts a
hairpin-like structure [Figure 2(c)], but lacking the hydrogen bonds of conventional antiparallel β-sheets. These hairpins associate in pairs that lie in the same plane forming the
double-hairpin structures of Figure 2(c). These double-hairpin structures form interplane
parallel β-sheet-like hydrogen bonds with a similar pair of hairpins in a consecutive layer.
When describing the fibrilar structures, we will use the term layer to refer to the unit
containing the dimer [Figure 2(c)], perpendicular to the fibril axis. The term semi-filament
will be used used to refer to a stack of hydrogen-bonded monomers, parallel to the fibril
axis. According to this terminology, a fibril can be seen as formed by two parallel semifilaments, or by a stack of parallel layers.

NIH-PA Author Manuscript

From NMR experiments9,10, we know that Aβ1–40 fibrils are stabilized primarily by
hydrogen bonds and hydrophobic interaction. Specifically, residues L17, F19, A21, A30,
I32, L34, and V36 create a hydrophobic cluster between the β-strands in each monomer
[Figure 2(c)] and between the β-strands of one monomer and those of a monomer in a
consecutive layer within each semi-filament. The structure is stabilized further by salt
bridges between oppositely charged residues D23 and K28, within the same or consecutive
layers45. At the interface between the two monomers in a given plane [Figure 2(c)], the
structure is stabilized by hydrophobic interactions involving residues I31, M35, and V39. Inregistry intermolecular hydrogen bonds comprising residues 10-22 and 30-40 are formed
between consecutive layers9,10.

NIH-PA Author Manuscript

In order to design our simulations, we needed to answer the following questions. Will the
native structure of the Aβ40 oligomers be stable with the UNRES force field? How will the
stability of the oligomers change when their size is changed? And finally, will the
interactions with free monomer change when the size of the oligomer is altered? To answer
these questions, we carried out canonical MD simulations with the UNRES force field,
starting from the native conformation10, and allowing it to fluctuate freely (see section 4.2).
Since NMR data indicated that residues 1-8 were conformationally disordered, and were
omitted in the structural model10, in our simulations we used the Aβ9–40 segment, for which
the coordinates are available.

The question of whether small oligomer of Aβ40 could be stable in the fibrilar conformation
has been studied by computer simulations21,45. Buchete et al.45 used molecular dynamics
(MD) and all-atom force fields to study the behavior of a four-layer Aβ40 oligomer (i. e., an
eight-chain oligomer), and showed that the system was stable during a 10 ns simulation. On
the other hand, with a coarse-grained model, Fawzi et al.21 found that Aβ1–40 oligomers
were stable only for systems with 8 layers (16 chains) or more.

2.2.1. Simulations of Aβ9–40 oligomers with different numbers of chains—We
studied systems with different numbers of layers, ranging from 2 to 8 (i. e., 4 to 16 chains).
For each system, 8 independent 5 ns canonical MD trajectories, at 300 K, were simulated.
To assess the extent of the structural changes during the simulations, we measured the Cα

J Mol Biol. Author manuscript; available in PMC 2011 December 3.
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root-mean-square deviation (RMSD) with respect to the initial conformation. The average
RMSD (taken over all the trajectories with the same size) as a function of time for different
sizes is shown in Figure 3.
From Figure 3, it can be seen that, except for the 14- and 16-chain systems, the rest of the
oligomers lose their initial structure during the simulation. Therefore, unless we decide to
use systems as large as 14-chains, which will be too costly for simulating the free binding of
monomers, we need to restrain the chains to the fibrilar conformation. We did not extend the
simulations beyond 5 ns because that time scale was enough to observe the instability of the
small oligomers. Snapshots along the pathway of representative trajectories illustrating the
behavior of the different oligomers that do not retain their fibrilar structure are included in
Figure S2 of the Supplement.
To find the reasons for the instability of the different oligomers, and to determine whether
they could still act as fibril seeds for addition of a free monomer, we analyzed the energetics
of the system. In sections 2.2.2 to 2.2.4 we examine the three main interactions stabilizing
Aβ fibrils, hydrophobic interactions, hydrogen bonds and salt bridges.
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2.2.2. Hydrophobic interactions increase linearly with the number of chains—
Our simulations (Figure 3) show that oligomers with 14 chains or larger are stable, but
smaller oligomers are not. The reason is that, as the number of layers in the oligomer
increases, the size of the hydrophobic core increases as well, and the nonpolar residues,
especially in the center of the structure, are better buried, making the larger oligomers more
stable. This becomes evident in Figure 4(a), which shows the average side chain-side chain
energy, which in UNRES represents the hydrophobic/hydrophilic interactions, averaged
over the number of chains (〈USCiSCj〉), as a function of the oligomer size. As the size
increases, the average contribution per chain to USCiSCj becomes larger, reaching a plateau
around 14 chains.
The reason for the instability of the small oligomers of Aβ9–40 with the UNRES force field
can be found in the competition between hydrophobic interactions and the electrostatic
interactions, the dominant contribution to which comes from the

term23. In UNRES,

the
energy term corresponds to the coupling between the dipole moments of two
interacting peptide groups and the geometry of the backbone around them23. The particular
conformation adopted by Aβ1–40 fibrils, is destabilized by this term, and a larger
hydrophobic core is needed to compensate for it. A more detailed discussion about this
effect is included in section S.3 of the Supplement.
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It should be noted that the behavior of 〈USCiSCj〉 does not reflect a cooperative effect. As can
be seen in Figure 4(b), the USCiSCj energy changes linearly with the number of layers. This
means that, except for the first layer, which contributes only with the intra-layer
hydrophobic interactions, adding a layer to a template always contributes with
approximately the same USCiSCj energy, independent of the size of the systems. The edge
affect, caused by the first layer not being able to hide the nonpolar residues from the solvent,
becomes less important as the number of layers increases, and the hydrophobic core
dominates, resulting in a more stable system (see section S.1 of the Supplement for a more
detailed discussion).
The linear behavior of USCiSCj also implies that any layer in the fibrilar structure will have
hydrophobic interactions with the layers adjacent to it. This means that, as far as the
hydrophobic contributions are concerned, we need only a one-layer system to simulate the
fibril-monomer interactions because the incoming monomer will interact only with the first
layer at the surface of the fibril.
J Mol Biol. Author manuscript; available in PMC 2011 December 3.
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2.2.3. Interlayer hydrogen bonds are cooperative and stabilize Aβ9–40
oligomers—Even when the secondary structure of the monomers is lost, the hydrogen
bonds between consecutive layers remain intact. This is expected since the stability of
hydrogen bonds along each β-sheet is enhanced by their cooperative nature46, and UNRES
is capable of capturing this effect23. The hydrogen bonds play an important role in
stabilizing the structure of the larger Aβ oligomers, although not in the same way as the
hydrophobic interactions. The fact that they make the stacking highly stable limits the
conformational space available to the peptides in the stack. Being so stable, the hydrogen
bonds act as restraints that restrict the conformational space of the hydrogen-bonded chains
and reduce the conformational entropy of the unfolded state with respect to the folded state.
The larger the system, the more limited the conformational space of its unfolded state and
therefore, the more stable the system will be.
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We also studied the presence of cooperativity in the hydrogen-bond interactions along the
direction of the fibrils. Quantum mechanical calculations of small (six to seven residues)
protein fragments, known to form amyloid fibrils6,11, have shown that hydrogen-bonding
interactions are cooperative for the addition of one to three layers, becoming constant for
later additions47,48. These results suggest that hydrogen-bond cooperativity might also be
present in Aβ1–40. To test this hypothesis, we calculated the changes in UNRES hydrogenbonding energy when adding a layer to a preexisting oligomer of n layers. This energy is
obtained by computing the difference, ΔEHb(n), between the hydrogen-bonding energy of an
oligomer with n and n + 1 layers [ΔEHb(n) = EHb(n + 1) − EHb(n)]. As can be seen from
Figure 5, the values of ΔEHb(n) become increasingly negative with the addition of the first
two layers, and remain almost constant for subsequent additions, in good agreement with the
quantum mechanical calculations for a seven-residue peptide47. This result implies that, as
for the hydrogen-bonding contributions, we need at least a two-layer or perhaps even a
three-layer system to reproduce the monomer-fibril interactions. Having a larger system will
contribute to the stability of the system, but will not make a difference in the monomer-fibril
interactions.
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2.2.4. Fibril elongation with the UNRES force field will not involve D23-K28 salt
bridge formation—Finally, we examined the interactions between the oppositely charged
residues D23 and K28, which are buried in the interior of the hydrophobic core in the NMR
model, forming a salt bridge which should contribute to stabilize the structure45. However,
the version of UNRES implemented in this study does not favor conformations with residues
D and K in close interaction. The interactions between D23 and K28 are slightly repulsive in
UNRES, helping to separate the N- and C-terminal strands of the monomers. Although D23K28 repulsive interactions are not strong enough to destabilize the structure, the absence of
an attractive force between them, an interaction that is important in the formation and
stability of real Aβ1–40 fibrils10,15,45, hampers the stability of the oligomers. This problem is
being addressed by introducing a new physics-based SC-SC potential energy into UNRES
(work in progress).
Experimental studies suggest that the formation of the D23-K28 salt bridge might be the rate
limiting step in Aβ1–40 fibril formation and elongation15. Simulations of Aβ monomers
showed that D23 and K28 are initially solvated, and they have to overcome a high
desolvation barrier to form a salt bridge49, supporting the hypothesis that the formation of
the salt bridge is the rate limiting step, and therefore it must be an early event49. But it is
also possible that other interactions guide the peptide towards the hairpin-like conformation
and facilitate the formation of the salt bridge, which once formed, further stabilizes the
structure. The repulsive interaction between D23 and K28 with the UNRES force field will
in a sense account for the solvation penalty. If the formation of the salt bridge in the

J Mol Biol. Author manuscript; available in PMC 2011 December 3.
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monomer is a necessary step for fibril elongation, we would not see the event. As we
describe in sections 2.3.1 to 2.3.5, we do see fibril elongation with UNRES.
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2.3. Fibril elongation
The polymerization process of Aβ fibril formation50–52 is characterized by a lag phase,
during which a critical nucleus (seed) is formed, followed by a faster growth phase, during
which free monomers are incorporated into the seed51. In vitro experiments have estimated
that amyloid fibril formation takes days15, making computer simulations of the assembly of
monomers into fibrils prohibited, even with a coarse-grained approach. However, the lag
phase can be bypassed if a preformed seed is introduced15,51. There is evidence suggesting
that fibrils grow by the addition of one monomer at a time53, and that the monomers adopt
the conformation of the seed, propagating its structure54. Based on this information, we
focused our studies on the process of addition of one monomer at a time onto a fibril.
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It has been proposed that the addition of monomers into Aβ1–40 fibrils follows a two-state,
“dock-lock” mechanism55,56. In the initial stage, the monomer is docked onto the fibrils, but
it can easily dissociate; in the second stage, the monomer is locked into the fibril, i.e., it will
rarely dissociate. Studies of deposition of Aβ1–40 monomers onto AD brain tissue and
synthetic amyloid fibrils55 identified the transition between docked and locked states as the
rate-limiting step. Results from a more recent experiment56 further revealed a more complex
mechanism with two different locked states, the latest having an even slower dissociation
rate. i.e., both locked states are very stable, but the final state has the highest stability.
Although a mechanism has been proposed56, it has not yet been possible to obtain a detailed
description of the conformations populating the assembly states.
We studied fibril elongation with the UNRES force field using the structural model of
Petkova et al.10 as a fibril template. Simulating fibrils of real size would be extremely
costly, even with a coarse-grained model. Based on the simulations reported in section 2.2.1,
a 2-layer (4-chain) oligomer was the smallest system that could reasonably reproduce the
monomer-fibril interactions; Hence we used templates of 4, 6 and 7 chains (i.e. 2, 3 and
layers). From our studies of the stability of oligomers (section 2.2.1), we knew that template
structures of these sizes were not stable with UNRES. Larger templates (14 chains or more)
were stable, but it would have been computationally too expensive to use such systems for
the simulation of monomer addition. This problem was surmounted by adding a term to the
potential energy that stabilized the fibrilar conformation (see section 4.3 for details about
this energy term), making the smaller templates stable as well. This energy term was applied
to the chains of the fibril template, but not to the free monomer.
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Preliminary simulations (data not shown) had shown that the monomer can easily become
trapped in conformations with a number of energetically favorable contacts, that although
not as stable as the fibrilar conformation (referred to as native here), take a long time to
dissociate. To help overcome these situations, with minimum intrusion, we used replica
exchange molecular dynamics (REMD) with a short range of temperatures, between 280 and
320 K (see section 4.3 for details about the implementation). Because the temperature of the
replicas changes during a REMD simulation, the trajectories are disturbed, and the time
evolution of the replicas does not reproduce folding pathways at constant temperature, but it
gives a reasonable description of the order of the events during folding57. REMD has been
used to study the folding process of proteins and RNA57–62, and different methods have
been developed to obtain kinetic information from REMD simulation59,62,63. However, in
our work we describe only the sequence of events, and we do not attempt to make estimates
of the transition rates between those events or any other kinetic information.

J Mol Biol. Author manuscript; available in PMC 2011 December 3.
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2.3.1. The same binding mechanism is observed at both ends of the template
—The β strands in the fibril do not lie exactly in a plane (see Figure 6), but the N-terminal
strands are more exposed at one of the ends (the bottom end in Figure 6). Because of this
asymmetry, it has been suggested that Aβ fibrils might grow in a unidirectional fashion19,21.
Following the terminology adopted by Takeda and Klimov19, we refer to the exposed Nterminus as the concave (CV) end, and to the exposed C-terminus as the convex (CX) end.
To test whether UNRES would reflect a preferred direction of growth, we carried out two
sets of REMD simulations with the monomer in the extended conformation at a 20 Å
distance from the surface of the template differing only in the initial position of the
monomer, i.e., facing either the CV or CX end of the fibril (see Figure 6). For each set, we
simulated 120, 20 ns long, REMD trajectories.
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We found the same pattern in the binding mechanism at both the CV and CX ends of the
template. Snapshots from two trajectories leading to successful monomer addition for a 2layer template, are shown in Figures 7 (starting at the CV end) and 8 (starting at the CX
end). In Figure 7, the first snapshot (t = 0.76 ns) shows the monomer before docking onto
the template. As expected from our simulations of Aβ monomers, at this point the monomer
adopts conformations with significant α-helical content. At t = 2.62 ns, the monomer has
bound to the template with the wrong (antiparallel) orientation. At t = 4.77 ns, the monomer
is free again. At t = 6.89 ns, it attempts to bind again in a nonnative conformation. Further
reorientation leads to the conformation shown at t = 13.01 ns, with several native hydrogen
bonds along the C-terminal strand. Finally, the N-terminal strand follows and also makes
native hydrogen bonds, locking the monomer in the fibrilar conformation (t = 20 ns
snapshot). Figure 8 shows a similar mechanism for a trajectory starting at the CX end.
Initially the monomer attempts to form nonnative conformations (t = 0.27 ns and t = 1.45 ns)
that are later disrupted (t = 3.76 ns). Native binding starts with the assembly of its Nterminus (t = 16.75 ns) and later propagates towards its C-terminus (t = 20 ns).
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2.3.2. Monomer adds following a dock-lock mechanism with two distinct
locking states—We now look closely at the hydrogen bonds formed between the
monomer and the template, along the folding trajectories shown in Figures 7 and 8. We
adopted the following criteria to classify the hydrogen bonds: a hydrogen bond between
peptide groups with indices i and j was considered native if |i−j| ≤ 3, and nonnative
otherwise. Figures 9(a) and 9 (b) show the number of native (NHB) and nonnative (nNHB)
hydrogen bonds as a function of time for the trajectories shown in Figures 7 and 8,
respectively. For both trajectories, we can distinguish three stages in the dock-lock
mechanism. During the first (docking) stage, very few native hydrogen bonds are formed.
The conformations adopted during this first stage are not very stable and, the monomer
binds and unbinds several times (reflected in NHB and nNHB rising and going back to zero
several times). In the second stage [starting at ≈10 ns in Figure 9(a) and ≈6.5 ns in Figure
9(b)], which corresponds to the first locking state, the monomer makes several native
hydrogen bonds (NHB ≈10), locking only one of the strands, while the other strand is still
free to move. The last stage corresponds to the second locking state [starting at ≈18 ns in
Figure 9(a) and ≈19 ns in Figure 9(b)]. During this stage, the free strand makes the
remaining native hydrogen bonds, and the monomer is fully locked in the fibrilar
conformation. Once the monomer is locked into this conformation, it can itself serve as a
template for subsequent monomer additions.
This assembly mechanism is consistent with the results obtained from experiments of Aβ
monomer deposition55,56. We have identified a docking stage, and more remarkably, the two
different locking stages. From our simulations, it becomes evident that the first locking stage
is a necessary step that, by locking one of the strands, limits the conformational space
available to the free strand and facilitates the assembly of the rest of the peptide.
J Mol Biol. Author manuscript; available in PMC 2011 December 3.
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Nguyen et al. studied the elongation of fibrils formed by the Aβ16–22 fragment16.
Interestingly, the authors found that the monomers bind by a dock-lock mechanism.
However, presumably because this fragment assembles with a much simpler architecture,
lacking the hairpin present in Aβ1–40, they see a single locking stage. Our simulations show
that Aβ1–40 has a more complex mechanism with the docking stage followed by two
different locking stages.
2.3.3. The second locking step is highly cooperative—In the second locking stage,
once the still-free strand makes one or two native hydrogen bonds, these bonds quickly
propagate along the rest of the strand. This is shown in Figures 9(a) and 9 (b) as the abrupt
rise in NHB by the end of the simulation. It is also seen as a scarcely-populated region
between the native basin (at ≈26 NHB) and at the region below 20 NHB in Figure S4 of the
Supplement. This behavior indicates a cooperative binding. This cooperative binding has
also been observed in simulations of the assembly of Aβ fragments17. However, these small
fragments show a single locking stage. This single stage is similar to the second locking
stage in Aβ1–40 binding.
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2.3.4. Binding mechanism does not change with template size—The larger
systems with 6- and 7-chain templates showed the same dock-lock mechanism as the 4chain templates. Here too, the two locking states can be distinguished, the first one
corresponding to the native binding of one of the strands, and the final locking state
corresponding to the native binding of the second strand. Figures S5 and S6 in the
Supplement show examples of trajectories for the 6- and 7-chain templates.
2.3.5. Simulations do not show a preferred fibril end for monomer binding—
We adopted the following criteria to determine whether a trajectory resulted in fibril
elongation. If, at the end of the simulation, the monomer has no hydrogen bonds with any of
the chains in the template, it is considered undocked. If it has formed less than 10 native
hydrogen bonds, it is considered a nonnative addition. If it has formed more than 10, but less
than 20 native hydrogen bonds, we consider it a half addition. Finally, if it has formed at
least 20 native hydrogen bonds with any of the chains on the fibril, we consider it a full
addition. It should be noted that a half addition corresponds to a monomer in the first
locking stage, and a full addition to a monomer in the second locking stage. The number of
undocked, nonnative, half and full additions are listed in Table 1.
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The data show that the binding can occur at both ends of the fibril (CV or CX). It is
interesting that, on several occasions, binding occurred at the opposite end of the fibril, i.e.,
a monomer initially facing the CV end could bind to the CX end, and vice versa. The
number of full and half additions and nonnative binding on the opposite end are indicated
between parentheses. Although our data show a slightly larger number of half and full
additions to the CV end than to the CX end, the numbers are too small to arrive at any
conclusions about preferences at the ends. However, it is important to note that monomers
can bind to both ends of the fibril.

3. Conclusions
A coarse-grained model, UNRES, has been used to study the stability of Aβ9–40 oligomers
and the process of fibril growth. Using this approach, we successfully simulated the
assembly of free monomers into fibril templates, providing insight into the conformational
changes leading to Aβ fibril propagation.
Regarding the stability of oligomers, we found that hydrophobic interactions play an
important role in stabilizing the structures, and that these interactions become more
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important as the size of the oligomer increases, approaching their maximum values at
around 16 chains. However, taking into account certain limitations of the force field, we
conclude that oligomers smaller than 16 chains might also be stable in the fibrilar
conformation.
Our results also showed that the hydrogen bonds, formed between chains in consecutive
layers, are extremely stable. These hydrogen bonds act as restraints that, by limiting the
conformations that the hydrogen bonded chains can adopt, reduce the conformational
entropy of the unfolded state, thereby increasing the stability of the folded state. For larger
systems, this effect also becomes more important because more hydrogen bonded layers will
have less energetically favorable states available.
Regarding the hydrogen bonds between consecutive layers, we also studied the increase in
their stability when adding a new layer to a preformed oligomer. This was done by
computing the differences in the hydrogen-bonding energy between oligomers of different
sizes. The results indicate the presence of cooperativity in the interlayer hydrogen bonds
when adding one to three layers. For further additions, the energy change becomes constant.
The result is in agreement with classical and quantum mechanical calculations with a 7amino-acid fragment of a fibril-forming peptide from the yeast prion, Sup3547.
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Fibril elongation was studied by allowing a free monomer to interact with a fibril template.
The simulations produced trajectories leading to nonnative and native binding (native
meaning that the monomer binds, adopting the same conformation as the other chains in the
template). By studying those trajectories that led to native binding, we observed that they
followed a common dock-lock mechanism. During the docking stage, the monomer interacts
with the template, often making nonnative hydrogen bonds that later break. The second
stage, locking, can be further divided into two consecutive steps. First, the monomer makes
native hydrogen bonds along one of the β-strands in the template, and at this point half of
the peptide is bound to the template, while the other end can move freely. The final locking
step is the native binding of the free end. This final step was highly cooperative, as indicated
by the fact that, once one or two native hydrogen bonds are formed between the free end and
the template, these hydrogen bonds quickly propagate along the rest of the peptide. This
final step locks the monomer into the fibril template. Experiments on monomer deposition56
have indicated the presence of two locking states; however these experiments could not
describe the conformations populating these two states. Based on our simulations, we have
proposed a description of this mechanism at the molecular level.

4. Materials and Methods
NIH-PA Author Manuscript

4.1. MD simulations of isolated monomers
A total of 40 independent canonical MD simulations of monomers were carried out at the
constant temperature of 300 K, held constant with the Berendsen thermostat64, as described
in previous work24. The simulations were started with the monomer in the extended
conformation. The monomer was allowed to equilibrate for 20 ns. The following 20 ns were
then used to analyze the structures explored by the system. For each of the 40 independent
trajectories, conformations were stored every 150,000 steps, providing a total of 1,200
conformations among all the trajectories. These 1,200 conformations were clustered into
families by means of the minimal-tree algorithm65,66 based on the Cα root-mean-square
deviation (RMSD) distances between conformations. A 5 Å RMSD clustering criterion was
used. Representative conformations from the three largest clusters (accounting for 69 % of
the conformations) are shown in Figure 1. The UNRES energy of a cluster is calculated as
that of the conformation with the lowest energy in the cluster.
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4.2. Stability of Aβ9–40 oligomers
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The canonical MD simulations of Aβ9–40 oligomers were carried out at 300 K, using the
Berendsen thermostat24,64, and the initial conformation was that of the structural model of
Petkova et al.10, shown in Figure 2. The systems simulated were oligomers with an even
number of chains (2, 4, 6, etc, i.e., complete layers) from 4 to 16 chains. The energies of
these conformations were first minimized by carrying out 50 ps restrained canonical MD
simulations (see section 4.3 for details on restraints used), after which the system was
allowed to evolve freely for 5 ns.
4.3. Fibril elongation
Fibril elongation was examined by simulating the interaction between a monomer and a
fibril template. The fibril template was composed of 4, 6 or 7 chains, with the conformation
of the structural model of Petkova et al.10. Since systems of such sizes (4 to 7 chains) are not
stable with the version of the UNRES force field used here, an additional term, URestr, was
added to it to restrain the template to the fibrilar conformation. The energy is given by
equation 1

(1)
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where the index l runs over all the segments being restrained, wRestr is the weight of the
term, set at 5 × 104 Kcal/mol, and Q(l) is given by equation 2

(2)

where di,j and
are the current and native distances between the Cα atoms from amino
acids i and j, and Ndistl is the total number of distances in segment l. Two types of segments
were considered, intrachain and interchain segments. For intrachain segments, the indices i
and j run over all the amino acids in the chain, with i < j. Interchain segments were
considered between adjacent chains (i.e., between chain n and, chain n + 1 or chain n + 2).
For interchain segments, the indices i and j run over all the amino acids in the corresponding
chains.
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For the simulations of fibril elongation, we used replica exchange molecular dynamics
(REMD)67,68. For each system, we had 120 independent trajectories starting from the same
initial conformation but at different temperatures ranging between 280 and 320 K, with
intervals of 10 K. Exchanges were attempted every 20,000 steps and each simulation was
run for 20 ns. Between exchanges, the temperature was held constant with the Berendsen
thermostat24,64. For templates consisting of 6 and 7 chains, the monomer was initially
placed at the CX end of the fibril in the extended conformation and 20 Å apart from the end
of the fibril. For the 4-chain templates two sets of 120 trajectories were simulated, with the
monomer initially 20 Å apart from the CV and CX end, respectively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Probability of occurrence of conformations populating the three largest clusters as a function
of the UNRES potential energy of the representative conformation. The representative
conformation of a cluster is defined as that with the lowest RMSD from all other members
of the cluster. The representative conformation for each cluster is shown, and the
correspondence is indicated by arrows.
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Figure 2.
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Structural model for an Aβ1–40 fibril with the striated ribbon morphology. The Figure was
produced with MolMol44, based on the coordinates provided by Robert Tycko for the
structural model of Petkova et al.10. Residues 1-8 are omitted from the diagram because they
were conformationally disordered in the NMR model10. (a) Axial view and (b) side view of
the fibril. The fibril axis is indicated by a dark yellow arrow. N-terminal β strands are
colored in blue, while C-terminal β strands are colored in red. The fibril is formed by layers
of dimers, lying perpendicular to the fibril axis. (c) An all-atom representation of a dimer
from a fibril layer. Hydrophobic, polar, negatively charged and positively charged side
chains are colored in green, purple, red, and blue, respectively. (d) The sequence of Aβ1–40.
Only residues 9-40 were used in the simulations of oligomers.

NIH-PA Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2011 December 3.

Rojas et al.

Page 18

NIH-PA Author Manuscript
Figure 3.
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Average variation of the Cα RMSD with respect to the initial structure during constant
temperature canonical MD simulations of Aβ9–40 oligomers with different numbers of
chains per oligomer.
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Figure 4.

NIH-PA Author Manuscript

(a) Average side chain-side chain energy per chain (〈USCiSCj〉) and (b) total USCiSCj energy
as a function of the number of chains.
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Figure 5.
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Difference in UNRES hydrogen-bonding energy, ΔEHb, when adding a layer to a preexisting
oligomer of n layers. The value of ΔEHb(n) is obtained by computing the difference between
the hydrogen-bonding energy of an oligomer with n and n + 1 layers. ΔEHb(n) = EHb(n + 1)
− EHb(n)
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Figure 6.

Representation of the structure of an Aβ1–40 fibril. A magenta arrow indicates the direction
of the fibril axis. Only three planes along the axis are shown. Due to the asymmetry of the
structure on the convex (CX) end, the C-terminal strands (red) are more exposed than the Nterminal strands (blue). The two different initial positions (at the CV and CX ends) of the
free monomer (dark green) are shown. In both initial conformations, the monomer is
extended, and it is positioned at 20 Å from the closest fibril end.
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Figure 7.

NIH-PA Author Manuscript

Selected snapshots along a representative trajectory of a monomer binding to a 4-chain fibril
are shown. The monomer is initially placed in the extended conformation, at 20 Å from the
CV end of the template. The snapshot at t = 0.76 ns shows the monomer before docking onto
the fibril in a conformation with significant α-helical content. At t = 2.62, the monomer
binds forming an antiparallel β-strand along the C-terminus, while the N-terminus forms an
α-helix. At t = 4.77 ns, the monomer is free from the template again. At t = 6.89 ns, the
monomer attempts to bind again, but the conformation is still nonnative. The monomer
rearranges its position, and at t = 13.01 ns, its C-terminus has bound with the native
conformation, with the α-helix along the N-terminus still being present. The α-helix unfolds
and the N-terminus also binds with the native conformation, locking the monomer into the
fibrilar conformation, as shown in the t = 20 ns snapshot.
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Figure 8.
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Same as Figure 7, except that the monomer is initially placed in the extended conformation,
at 20 Å from the CX end of the fibril. The snapshot at t = 0.05 ns shows the monomer before
docking onto the fibril in a conformation with a certain α-helical content. The monomer
makes several attempts to bind (t = 0.27 ns, t = 1.45 ns, and t = 3.76 ns), but none of these
conformations are native, and the binding is disrupted. Native binding starts with the
assembly of the N-terminal strand (t = 16.75 ns). The C-terminal strand follows, locking the
monomer into the fibrilar conformation as shown in the t = 20 ns snapshot.
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Figure 9.
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The number of native and nonnative hydrogen bonds (NHB and nNHB) between monomer
and template during a trajectory leading to a full addition starting from the CV end (a) and
CX end (b).
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14 (1)
104(13)
0

half additionsf

nonnativeg

undockedh

0

107(29)

12 (4)

1 (0)

From CX endb

7

106(24)

6 (0)

1 (1)

From CX endc

6-mer+1

26

91(11)

2 (1)

1 (0)

From CX endd

7-mer+1

a 4-chain template with the monomer initially positioned facing the CX end,

undocked if the monomer has no hydrogen bonds with any of the chains in the template. The number of full and half additions and nonnative binding on the opposite end are indicated between parentheses

nonnative if the monomer has formed less that 10 native hydrogen bonds, and

h

g

f
half additions if the monomer has formed more than 10 but less than 20 native hydrogen bonds,

e
full additions if, by the end of the simulation, the monomer has formed at least 20 native hydrogen bonds with any of the chains on the template,

as in b, but for a 7-chain template. Trajectories were classified as

d

c
as in b, but for a 6-chain template, and

b

a 4-chain template with the monomer initially positioned facing the CV end,

a

Number of trajectories that resulted in full additions, half additions, nonnative binding or undocked monomer for the following systems,

2 (0)

full additionse

From CV enda

4-mer+1

Summary of final conformations obtained from 120 REMD simulations
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